We propose and realize a tunable plasmonic nanoantenna design consisting of two stacked Ag cuboids that are integrated into a rolled-up semiconductor microtube. The antenna's resonance is tuned by varying the cuboid's distance to match the photoluminescence emission of an embedded GaAs quantum well. Spatially, spectrally and temporally resolved photoluminescence measurements reveal a redshift and a reduction in lifetime of the quantum-well emission as signatures for the coupling to the antenna system. By means of finite-element electromagnetic simulations we assign the coupling to an excitation of a high-order plasmonic mode inside the Ag cuboids.
diative and non-radiative decay rates 6, [11] [12] [13] [14] or reshaping their emission spectra. [15] [16] [17] In this regard, the nanostructures are considered as plasmonic nanoantennas and the coupling to a close-by emitter is inherently dependent on the antennas' composition, size, and geometry.
Correspondingly, a manifold of antenna designs has been described including bow-tie 9, 18 and Yagi-Uda antennas, 19, 20 metallic nanorods 7,21 and particle dimers. 10, 13, 22 The variety of designs allows to reach a wide spectral range of LSP resonances but essentially requires a pinpoint control over the antenna's geometry and a close distance of nanoantenna and emitter.
In this Letter, we propose and demonstrate the fabrication of a novel nanoantenna consisting of stacked Ag cuboids that are integrated into a rolled-up semiconductor microtube.
The semiconductor compound includes a GaAs quantum-well (QW) heterostructure and thus the nanoantenna is directly placed adjacent to a robust quantum emitter. Microtubes with a functional metal layer have been previously exploited to realize rolling-up metamaterials [23] [24] [25] [26] and LSP-coupled whispering-gallery-mode resonators. 27, 28 Here, we combine the defined rolled-up mechanism with a precise electron beam lithography approach to stack individual Ag cuboids into the wall of the micron-sized tube. By design, the distance of the Ag cuboids is varied and allows to tune the nanoantenna's LSP resonance to match the photoluminescence (PL) emission energy of the embedded GaAs QW. We show by means of spatially and temporally resolved PL spectroscopy that the coupling of the GaAs QW emission to the plasmonic nanoantenna system is dependent on the lateral distance of the individual cuboids. For a distance of d x = 300 nm, we observe a redshift of the QW PL emission that is accompanied by a decrease in lifetime at the red-shifted spectral position.
By means of finite-element electromagnetic simulations we attribute the spectral shift to an excitation of a high-order plasmonic mode inside the Ag cuboid nanoantenna. We investigate the coupling of the GaAs QWs to the Ag cuboid nanoantennas by means of spatially and temporally resolved PL spectroscopy. The experiments are carried out in a home-build laser scanning confocal microscope equipped with a closed-cycle cryostat operating at 6 K and with a typical spatial resolution of about 500 nm. The QWs are pumped with circular polarized laser light at a wavelength of λ = 650 nm generated by an optical parametric oscillator that is driven by a pulsed Ti:sapphire laser at a wavelength of λ = 830 nm. The light is focused onto the sample with a microscope objective (100x, NA = 0.8).
The same objective is used to collect the emitted light which is then coupled to a streak camera system. are verified with SEM images with an uncertainty of about 10 nm. We raster scanned the sample in an area of (5 × 70) µm 2 with step sizes of 0.3 µm and acquired a streak camera image at each pixel. We first evaluated the QW emission by fitting the time-integrated PL spectra with a Gaussian function. The fitted spectral position of the maximum PL intensity λ p is plotted in the 745-750 nm wavelength range as a spatially-resolved false-color map in Fig. 3 (b) . Fitted spectral positions outside this range are depicted as gray pixels. We also restricted the evaluation spatially to the area corresponding to the top-most section of the microtube; that way omitted pixels are plotted in gray as well. Both the plot frame of Fig. 3 (b) and the sketch in Fig. 3 (a) are matched to the same dimensions which allows to assign the arrays to the respective areas in Fig. 3 (b) . The spatially resolved map of the wavelength position of the QW PL intensity maximum displayed in Fig. 3 A cross sectional profile from the area framed in dashed lines is shown in Fig. 4 . QW emission spectra for marked pixels are shown in Fig. 5 (a) .
We further analyzed the time-resolved measurements by evaluating the spectrally resolved PL decay curves for the 749-751 nm wavelength range. The decay curves are fitted to a monoexponential function and the resulting lifetimes are denoted as τ 750 . We concentrate on the scan area framed in the dashed box in Fig. 3 The system is excited by a plane wave which is polarized in direction parallel to the cuboids' displacement and impinging from top onto the structure. To compare with the experimental data, normalized QW emission spectra (black circles) and corresponding Gaussian fit curves (blue solid lines) taken from representative pixels marked in Fig. 3 (b) are also shown in Fig. 5 (a) . It becomes obvious that there is a matching between the calculated field enhancement and the measured PL peaks only for d x = 200 nm and d x = 300 nm. In these cases, the measured PL spectra are red-shifted compared to the other spectra. This observation strongly suggests that the redshift is due to a coupling of the QW emission to the localized surface plasmon modes of the nanoantenna. For the other nanoantenna geometries, the plasmonic resonances are detuned and the QW emission spectrum remains unaltered. We further analyzed the distribution of the absolute electric field | E| inside the Ag cuboid nanoantenna to characterize the involved plasmon modes. For this purpose we evaluate the distribution at an excitation wavelength λ 0 which corresponds to the respective measured PL emission peak wavelength λ p . Figure 5 We want to emphasize that the presented hybrid emitter/nanoantenna design is not limited to GaAs QWs and Ag cuboids. The rolling-up fabrication allows to incorporate other quantum emitters into the strained bilayer system, like self-assembled quantum dots.
31,34,35
Furthermore, it is not limited to the InAlGaAs material system; other systems with larger band gaps like AlInP led to rolled-up structures 36 that allow for plasmonic coupling to emitters over essentially the whole visible spectral range. Besides incorporating quantum emitters directly into the strained layer system, it is also possible to utilize the strained bilayer just as a host onto which other emitters and the plasmonic nanostructures are successively deposited before the rolling process. These emitters might be thin films of colloidal nanocrystals or organic light-emitting molecules. 37 Very promising, these thin films can also be lithographically structured into stripes 37 or squares before rolling. The separate preparation of emitter and metal nanostructures onto the strained bilayer enables remarkable emitter/nanoantenna designs. For example, rolling-up these emitters together with predefined Ag cuboids as used in the current work can lead to a close stacking of emitters in-between metal structures that can only hardly be realized in conventional subsequent lateral lithographic patterning alone. As for the metal part, the EB lithography approach facilitates also other antenna designs like particle dimers or bow ties. Smaller metal particles with fundamental dipole resonances in the visible spectrum allow to further modify the LSP resonance and to enhance the on-resonance near-field intensity. Besides that, the tubular geometry allows to exploit plasmon-photon whispering gallery modes 28, 38 for an even more complex tailoring of the light-matter interaction. The fabrication ansatz therefore represents an important step for the realization of quantum light sources with tailor-made optical properties.
In conclusion we report on a novel fabrication approach for a tunable plasmonic nanoantenna. We integrated Ag cuboids into a rolled-up semiconductor microtube such that two of these cuboids are stacked at a certain distance with the QW in between. The lateral distance d x of the cuboids is deliberately changed to tune the antenna's resonance. By means of spatially, spectrally and temporally resolved PL measurements we show a coupling of the quantum-well emission to the nanoantenna for a cuboid distance of d x = 300 nm. We observe a redshift which is accompanied by a lifetime reduction of the the quantum-well emission.
Finite-element simulations reveal that an excitation of high-order plasmonic modes inside the cuboids accounts for the resonant coupling.
